With more than a billion people lacking accessible drinking water, there is a critical need to convert nonpotable sources such as seawater to water suitable for human use. However, energy requirements of desalination plants account for half their operating costs, so alternative, lower energy approaches are equally critical. Membrane distillation (MD) has shown potential due to its low operating temperature and pressure requirements, but the requirement of heating the input water makes it energy intensive. Here, we demonstrate nanophotonicsenabled solar membrane distillation (NESMD), where highly localized photothermal heating induced by solar illumination alone drives the distillation process, entirely eliminating the requirement of heating the input water. Unlike MD, NESMD can be scaled to larger systems and shows increased efficiencies with decreased input flow velocities. Along with its increased efficiency at higher ambient temperatures, these properties all point to NESMD as a promising solution for household-or community-scale desalination.
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solar | photothermal | desalination | carbon black | nanophotonics F our billion people around the world face at least 1 month of water scarcity every year (1, 2) . To meet increasing water demand, it has become necessary to exploit saline water, abundant in the ocean and in brackish aquifers, and convert it to potable water (3, 4) . Presently, there are more than 18,000 water desalination plants operating in 150 countries, producing 86.8 × 10 6 m 3 of water per day, enough for 300 million people (5, 6) . The annual energy consumed by these plants is nominally 75 TWh, accounting for 50% of their operating costs (7) (8) (9) and 0.4% of the world electric power consumption (10) . The possibility of directly using renewable energy would reduce this highly demanding cost of operation and make affordable clean water more accessible around the world.
Many of the current desalination techniques involve phase change, and thus are inherently energy intensive. Among these, membrane distillation (MD) has gained recent attention because it can distill water at lower temperatures than conventional distillation (i.e., boiling) and lower pressures than reverse osmosis (RO) (11) (12) (13) (14) (15) (16) . In the conventional direct-contact MD process, hot saline water (feed) and cold purified water (distillate) flow on opposite sides of a hydrophobic membrane (Fig. 1A) . The temperature difference between the two flows produces a vapor pressure difference across the membrane, leading to (salt-free) water vapor transporting through the membrane from the warmer feed to the colder distillate, where it condenses. However, MD suffers from several inherent limitations. Heat transfer reduces the cross-membrane temperature difference, resulting in lower vapor flux across the membrane and thus lower efficiency. This temperature difference is further decreased along the length of the membrane module, resulting in a maximal usable length of a single module.
When no recirculation or heat recovery is used, energy is also lost when hot feed water exits the membrane module. Heating the volume of feed water by conventional solar methods before its flow through the module suffers these same inherent limitations (17) (18) (19) (20) (21) . Localized heating in the feed channel can be achieved by integrating MD into industrial processes (22) or by using a solar absorber plate above the feed channel (23) to provide supplementary heating along the module length, but such a system is still limited by an inherent reduction in cross-membrane temperature difference due to heat transfer, for example, temperature polarization. Localized heating at the surface of the feed membrane interface (24) (25) (26) can provide an effective solution to overcome these challenges. In this work, we demonstrate nanophotonics-enabled solar membrane distillation (NESMD), where membrane distillation is based on direct, localized solar heating of a nanoparticle (NP)-infused membrane. We address the challenges of module scalability with experimental and theoretical analysis for a wide range of NESMD working conditions.
Here, we demonstrate direct solar distillation driven by NPmediated photothermal heating in a MD geometry (Fig. 1B) . This process is based on the highly efficient, highly localized photothermal heating (27) (28) (29) (30) induced by solar illumination of broadband light-absorbing NPs, here embedded within the surface layer of the distillation membrane. The localized heating induces vaporization of the feed water, which subsequently condenses on the distillate side of the membrane. The localized solar photothermal heating process replaces the need to heat the entire volume of feed water by external means, eliminating the inherent efficiency limitations and substantial power requirements of the conventional MD Significance Current desalination technologies provide solutions to the increasing water demands of the planet but require substantial electric energy, limiting their sustainable use where conventional power infrastructure may be unavailable. Here, we report a direct solar method for desalination that utilizes nanoparticle-assisted solar vaporization in a membrane distillation geometry. This scalable process is capable of providing sufficient clean water for family use in a compact footprint, potentially for off-grid desalination at remote locations.
process. Using a small-scale experimental NESMD module, we obtained a flux of over 5.38 kg/(m 2 ·h) with a solar efficiency of over 20% and greater than 99.5% salt rejection under focused solar illumination. Comparing NESMD to conventional MD reveals dramatic differences between the two processes, where unlike MD, NESMD appears readily scalable to larger geometries with increased efficiencies under higher ambient temperature conditions (40°C). These characteristics point to NESMD as a highly promising potential off-grid desalination technology.
The photothermal membrane central to NESMD is a bilayer structure consisting of a relatively thin (25 μm), optically absorbing, porous, hydrophilic [polyvinyl alcohol (PVA)] coating deposited onto a commercial polyvinylidene fluoride (PVDF) membrane (0.2-μm nominal pore size; Pall Corporation) ( Fig. 2A) . Carbon black (CB) NPs (Cabot Corporation) with a broadband absorption over the entire solar spectrum (Fig. 2E and Fig. S1B ) were dispersed into the PVA solution. Following a pretreatment by polydopamine to ensure adhesion, the PVA solution was electrospun onto the PVDF membrane, forming a network of CB-laden PVA nanofibers ( Fig. 2  A and F, Inset) .
The optical properties of the CB-laden bilayer photothermal membrane were characterized to determine an optimal concentration range of CB absorbers to serve as a heat source for NESMD (Fig. 2) . The absorption efficiency and spatial distribution of absorbed energy together determine the heat source density, which dictates the solar photothermal temperature increase and thus the water vapor flux through the membrane. Because the CB-laden membrane is a medium that is both strongly optically scattering and absorbing, theoretical calculations using a Monte Carlo photon transport method were necessary to accurately describe the membrane's utility as a photodriven heat source (27) . The calculated distribution of absorbed photons ( Fig.  2 B-D) were compared with diffuse reflectance spectral measurements ( Fig. 2E ) of the bilayer membrane for a range of CB concentrations. Increased CB concentrations in the photothermal layer induce larger absorption coefficients in this region, resulting in more localized light absorption within this layer. The diffuse reflectance at 600 nm for membranes within a range of CB concentrations (Fig. 2F) shows a decreasing reflectance for increasing CB concentrations (top axis). Light transport simulations using the corresponding values of μ a were performed for photothermal coatings of varying thicknesses of 25 ± 7 μm (SD) (Fig. 2F , shaded gray region). Agreement between the experimental diffuse reflectance measurements and the simulations provides an accurate relationship between the absorption coefficient, μ a , and the concentration of CB NPs in the absorbing membrane layer at 600 nm. This combination of experimental measurements and theoretical simulations was extended across the visible spectrum ( Fig. 2G) , where data were obtained at 800, 600, and 400 nm and compared with theoretical simulations. The light absorption measurements and absorption coefficients obtained here were used to select an optimum CB concentration for the bilayer membrane (5.5 wt%). These values were used as input to a finite-element method (FEM)-based 3D model (COMSOL 5.2) developed to describe the coupled heat, fluid, and mass transfer processes in the NESMD system and in its comparison with MD (31, 32) . Design flexibility and freedom in the choice of operational parameters allow analysis of NESMD and MD at different scales. This theoretical model is predictive and does not require calibration. Values of all of the physical parameters used in the simulations are obtained either from literature (14, 33) or experimental conditions (Supporting Information).
The NESMD system (Fig. 3A and Figs. S2 and S3) was tested outdoors in Houston, Texas (United States) (29.7604°N), where the measured average solar intensity was nominally 0.7 kW/m 2 (Supporting Information). The active area of illumination was a 3.3 × 6.8-cm window exposing the feed side of the membrane. Both the feed and distillate reservoirs were immersed in an ice bath and the system was covered with reflective insulation; however, a 3-5°C temperature difference remained between the feed and distillate inlets due to sunlight irradiation on the system and heat loss to the ambient environment. The NESMD system stabilized at slightly different feed and distillate temperatures (in the range of 14-20°C), remaining constant to within ±1°C throughout the measurements. Accounting for all photothermal and thermal factors, the distillate flux from the NESMD system has three contributions:
Here, J Total is the total measured flux from the photothermal membrane with NPs upon illumination; J NP is the flux due to localized heating by CB NPs; J MD is the flux due to experimental temperature difference between the bulk feed and distillate streams; J res is the flux due to residual heating in the system upon illumination. To distinguish these different contributions we have performed specific measurements, as explained below. We obtain J Total by measuring the distillate flux through the NESMD system upon illumination. It is shown with blue triangles in Fig. 3 B and C for no magnification, and for 25× magnification, respectively. The flux through the NESMD module without illumination gives us J MD , as designated with hollow black diamonds in Fig. S4 . To measure J res , we first performed measurements in exactly the same experimental setup using a control membrane containing no CB NPs. The flux from this membrane upon illumination comes from ðJ MD + J res Þ (shown with violet diamonds in Fig. S4 ). Second, we measure the flux through the same membrane without illumination to obtain J MD only (shown with hollow gray circles in Fig. S4) . The difference between these two fluxes gives J res (shown with navy-blue stars in Fig. S4 A and B for no magnification and 25× magnification, respectively). Subtracting alternatively J res and J res + J MD from J Total gives us ðJ NP + J MD Þ (solid red circles) and J NP (hollow green circles), respectively. Both nonmagnified and 25× magnified cases are shown in Fig. 3 B and C, respectively. Although in the experiment the illumination area does not cover the whole device surface, all of the flux calculations here use the total module area to evaluate the contribution from each flux component. Upon quantification of each flux, the values of J NP normalized to the illumination window areas compared with other fluxes are shown in Fig. S5 .
The purified water flux from saline feed water (with a salt rejection rate of >99.5%; Supporting Information) is shown for unfocused (Fig. 3B) and focused (Fig. 3C ) illumination conditions and compared with our theoretical model for NESMD. For unfocused solar illumination (Fig. 3B) , the experimental distillate flux exceeds theoretical predictions; however, there is good agreement between theoretical and experimental distillate flux once the contribution made by residual solar heating (J res ), not included in the model, is accounted for. In this low-intensity case, even the residual heating inherent in the system (J MD ) (Fig. S4 ) contributes significantly to the experimental distillate flux; when this is also removed, we obtain the distillate flux due to localized CB NP heating alone (J NP ). In contrast, for the case of 25× focused illumination (Fig. 3C) , localized photothermal heating provides the dominant contribution to the distillate flux in this system.
The energy efficiency of NESMD is determined by evaluating the energy requirement of producing the distillate flux by localized photothermal heating (J NP ) relative to the incident solar power. For the unfocused case, the photothermal distillate flux is 0.22 kg/(m 2 ·h) (Fig. S5C) . Given the water evaporation enthalpy of 2,454 kJ/kg (34), the minimum power needed to sustain this evaporation rate is 0.337 W. The total absorbed power through the illuminated area of the window (3.3 cm × 6.8 cm) is 1.571 W, corresponding to an efficiency of 21.45%. For 25× focusing (Fig.  3C) , the solar distillation process is 21.0% efficient (assuming an illumination spot of 3.3 × 3.3 cm on the membrane, in agreement with experimental focusing geometry).
The accuracy of the theoretical model for NESMD allows us to examine the geometry and size-dependent aspects of this process, and to compare it to conventional MD. These studies reveal stark differences between the two processes. For example, the temperature along the length of the membrane is examined for both processes (Fig. 3 D and E) . Here, we compare NESMD under unfocused illumination conditions with MD. In the MD case, a temperature difference of 1.33°C between the feed and the distillate corresponds to the same power input as the illumination intensity for NESMD (1.57 W). The two processes have entirely different temperature profiles: for MD, where the feed is heated externally, the feed temperature is highest at the feed inlet, which is also the point of largest temperature difference between feed and distillate (Fig. 3E) . In contrast, for NESMD, where the temperature difference between feed and distillate is generated by solar illumination, the feed temperature increases along the feed flow channel. In this case, the largest temperature difference is generated close to the feed outlet. The distillate flux generated along the flow channel follows this temperature dependence in both cases (Fig. 3F) . From these results, we project that increasing the size of an NESMD unit should increase its distillate flux, in contrast to MD, where scale-up beyond a certain point would not correspond to an increased purified water output.
Further comparisons of NESMD and MD reveal additional opposing trends between the two processes. Another key parameter of purification systems is feed velocity. The calculated distillate fluxes for feed velocities ranging between 0.0032 cm/s (0.1 mL/min) and 3.2 cm/s (100 mL/min) in a bench-scale device (8.1 × 3.5 cm) for both unfocused NESMD and MD are shown in Fig. 4A . For simplicity, the illuminated area is now considered to be equal to the total area of the device. For NESMD, temperatures of the feed and distillate at the inlet are equal at 20°C, and the velocity of the distillate is set to 136 mL/min (the experimental value). For MD, the distillate inlet temperature was the same, and the feed temperature was chosen to match the power input for NESMD. The dependence of distillate flux on feed flow velocity is opposite for NESMD and MD, although both methods provide more flux with lower membrane thermal conductivity and higher diffusion coefficient (corresponding to larger membrane porosity) (Fig. S6) . NESMD is most efficient at lower feed flow rates, whereas MD flux is maximized only at higher flow rates. Both trends can be understood considering the temperature gradient across the membrane. For NESMD, slower feed velocities allow time for a larger temperature gradient to form between the feed and distillate sides of the membrane, resulting in a larger distillate flux. For MD, where the feed is heated before entry into the module, higher feed velocities reduce heat loss for the feed flow along the membrane. The efficient operation of the NESMD for modest flow velocities would be a significant advantage over MD in off-grid locations because solardriven water pumps could be used. In addition, significantly less energy would be required for brine recirculation, which can be an important factor in the overall energy use of conventional MD (35) .
We also observe striking differences between the average distillate flux for NESMD and MD as a function of module length and width (Fig. 4B) , due to the differences in heat transfer between these two processes. The flux produced at larger lengths and widths increases in the NESMD case while decreasing to nearly zero for the largest membranes for MD at a fixed feed inlet temperature (21.67°C, corresponding to the input power for the NESMD system under unfocused conditions). For the case of constant feed flow (17 mL/min, the experimental value), increasing the width of NESMD and MD corresponds to a reduction in flow velocity; thus, increasing the width of the system results in increased distillate flux for NESMD but decreased flux for MD (Fig. 4B) . In MD, the increase in length increases the heat loss from feed to distillate side, resulting in a progressively reduced temperature difference across the membrane and thus lower fluxes. When the temperature difference between the feed and distillate sides of the membrane becomes negligible, the vapor transport vanishes and the effective fraction of active area of the device is reduced. In NESMD, however, the membrane remains active for longer module lengths (Fig. 4C and Fig. S7) . A direct efficiency comparison of MD and NESMD shows that NESMD has consistently higher efficiencies than MD (Figs. S8 and S9) for the module lengths considered here (Supporting Information).
Another important factor that influences NESMD performance is the ambient operating temperature (Fig. 4D and Fig. S10) . Here, the flux dependence on ambient temperature is determined for both a bench-scale (black, 8.1 × 3.48 cm) and pilot-scale (red, 100 × 10 cm) device under unfocused conditions. The temperature difference between the feed and the distillate without illumination is zero in all cases. In both cases, the performance significantly improves (more than two times) when the ambient temperature is increased from 10 to 40°C. Higher ambient temperatures also favor the larger-dimensioned system. At the highest temperature, the flux for the pilot-scale device is 0.55 kg/(m 2 ·h), which corresponds to a solar energy efficiency of 53.8%. With peak temperatures of ∼35°C, a water purification rate of ∼0.5 kg/(m 2 ·h), and an active area of ∼1 × 1 m, an NESMD system without any form of heat recovery would produce ∼4 L/day under less than 1 sun (700 W/m 2 ) illumination, with 8 h of sunlight in the summer. This production rate meets the basic drinking water requirements for two persons (36) .
The performance of NESMD system can be further increased by incorporating heat recovery by recirculating feed output back to feed input. This recirculation not only will allow use of the heat lost in the form of the heated feed output of NESMD but also will increase the overall water recovery of the system by minimizing brine production from the system. This would increase the water flux and improve overall energy efficiency because the net energy consumption per unit volume of purified water produced will be reduced. Heat recovery mechanisms proposed for MD systems to use distillate heat generated from condensation and conductive heat transfer through the membrane via heat exchange to preheat the feed (37) should work equally well for NESMD. It should also be possible to use vacuum MD or air-gap MD geometry to minimize heating on the distillate side. In terms of thermodynamic performance limits, thermal processes such as NESMD operate further from the theoretical second law reversible limit than RO (38) . However, the ability of NESMD to directly harness solar energy for desalination is favorable compared with the need to produce high-grade electrical energy for RO, which is limited by low-efficiency photovoltaic conversion when solar panels are used.
This discovery, the integration of photothermal heating capabilities within a water purification membrane for direct, solar-driven desalination, opens opportunities in water purification technologies. Unlike MD, NESMD benefits from increases in scale and in ambient operating temperatures, and requires only modest flow requirements for optimal distillate conversion. Further opportunities in developing light-harvesting capabilities, higher performance photothermal membranes, and flow geometries are likely to enhance performance even further. However, the NESMD system described here, which can be realized as a "solar desalination panel," has direct, practical applications for scalable, solar-driven, and cost-effective desalination.
Materials and Methods
Fabrication of the Photothermal Membrane. Before applying the photothermal coating, one side of the PVDF membrane was contacted with a 2 mg/mL dopamine hydrochloride (Sigma) solution in 0.1 M Tris·HCl (pH 8.5) for 15 min. The polydopamine layer formed aids in adhesion of the hydrophilic photothermal coating to the hydrophobic PVDF membrane. To prepare the electrospinning solution, functionalized CB NPs (Cabot Corporation) were first suspended in deionized water using probe sonication (Sonics Vibra-Cell; 35 W) for 10 min. Poly (vinyl alcohol), N-methyl-4(4′-formylstyryl)pyridinium methosulfate acetal (PVASbQ) (Polysciences) was then added to the suspension to yield a final PVA-SbQ concentration of 8.87%. The suspension was vortexed to evenly distribute the polymer and the CB. The CB concentration was varied from 0.1 to 1.0 wt% in the electrospinning solution, corresponding to 1.1-11 wt% in the PVA-SbQ polymer.
The electrospinning solution was loaded in a 3-mL syringe placed 10 cm away from the aluminum sheet metal collector plate, where the polydopamine-coated PVDF membrane was mounted. The syringe was advanced using a syringe pump (New Era Pump Systems; NE-1000) at the rate of 0.5 mL/min, and a 10-kV voltage was applied (Gamma High Voltage Research; ES50P-5W) between the syringe tip and the collector plate (39) . After electrospinning for 3 h, the membrane was placed in a photoreactor (Luzchem; LZC-4V) equipped with 8 UV-A bulbs (Hitachi; FL8BL-B; peak emission at 352 nm) for 30 min to cross-link the styrylpyridinium groups (40) . A beaker of water was placed inside the chamber to maintain the humidity level and prevent dehydration of the PVA.
Experimental Setup. NESMD experiments were carried out using a custombuilt membrane distillation module (Fig. S3 ) in direct-contact mode. A schematic of the system and the actual setup is shown in Fig. S2 . The membrane module consists of a 1-mm-thick quartz window with dimensions of 3.3 × 6.8 cm on the feed side to allow sunlight illumination. Flow channel dimensions were 3.48 × 8.10 × 0.15 cm on both the feed and distillate sides. A 1-mm-thick polypropylene mesh spacer (McMaster; catalog no. 9265T49) was used on the distillate side, and a modified spacer with perpendicular mesh segments removed was used on the feed side to support the membrane while maintaining laminar flow. The cross-flow velocities in the feed and distillate channels were 0.54 cm/s (flow rate, 17 mL/min) and 4.34 cm/s (flow rate, 136 mL/min), respectively. The feed stream (saline stream) on the top of the membrane was a 1% NaCl (J. T. Baker) solution stored in a 500-mL Erlenmeyer flask, and deionized water (produced by a Barnstead E-Pure system and Milli-Q Integral; Millipore) was used for the distillate stream at the bottom of the membrane. We chose 1% salinity to mimic average salinity of brackish water, which is a main saline water supply used inland. To maintain stable temperatures on both sides of the membrane, the feed and distillate were cooled by 15-m-long chilling coils submerged in a shaded ice bath before entering the NESMD module. The feed and distillate were continuously circulated through the membrane module using peristaltic pumps (Masterflex L/S) in a countercurrent flow mode, where feed and distillate streams flow in opposite directions.
The insulated distillate reservoir was kept on a weighing balance (Denver Instruments; P402) connected to a computer equipped with data acquisition software (TAL Tech WinWedge). The increase in distillate mass was measured with the balance at 1-min intervals. A sketch of a vertical cross-section of the module is shown in Fig. 1B . An inline conductivity meter (Oakton pH/CON 510 series) was installed at the exit of the distillate channel to monitor the salinity of the distillate. Inlet and outlet temperatures for both the feed and distillate streams were measured using in-line thermometers (Traceable; no. 4351). For NEMD experiments with solar concentration, a 25.4 × 25.4 cm Fresnel lens was used to concentrate sunlight on the membrane surface by a factor of 25. The unconcentrated and concentrated solar intensities at the NESMD module surface were 0.7 and 17.5 kW·m −2 , respectively (Thorlabs; S350C; Thermal Surface Absorber). We understand that the Fresnel lens used for solar concentration has optical losses; however, we use the incident power at the NESMD module surface as the input power for the efficiency calculations, as we are interested in the NESMD unit performance. All system components, except the membrane module, Fresnel lens, computer, and power meter were enclosed in an insulated box made of radiation barrier foam to prevent excessive solar heating of the system components (Fig. S3) .
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